Abstract. Hepatocellular carcinoma (HCC) is one of the most common malignancies and causes of death worldwide. Research investigating novel therapeutic strategies for the treatment of HCC is urgently required. Monoclonal antibodies (mAbs) that target the programmed cell death-1 (PD-1/PDCD1)/ programmed death-ligand 1 (PD-L1) immune checkpoint have demonstrated substantial clinical benefit for a variety of solid tumors; however, these mAbs have not been well studied in HCC. In the present study, Sp2/0-Ag14 myeloma cells and spleen cells derived from BALB/c mice immunized with the recombinant human PD-1/PDCD1 protein were fused for the production of novel antibodies. The 9E11 mAb, which exhibited the highest specificity for PD-1 in HCC tissues in western blot and immunohistochemical staining analyses, was used to investigate the clinical significance of PD-1 expression in HCC tissues from 77 cases, which were collected and examined histologically. Overexpression of PD-1 was identified in peritumoral tissues, primarily in the liver portal region. Importantly, by analyzing the clinical data from 77 HCC patients, the expression of PD-1 was observed to be significantly correlated with larger tumor size (>5 cm) and poorly differentiated tumors. In addition, PD-1 expression was moderately correlated with venous thrombosis, but not correlated with patient sex or age, liver cirrhosis, hepatitis B, tumor, node and metastasis (TNM) stage or tumor location. The results of the present study suggest that high-level PD-1 expression may be an important factor associated with the immune checkpoint pathway in HCC. The results suggest that PD-1 serves an important role in tumor immune evasion and may be a valuable immunodiagnostic marker. In addition, PD-1 may serve as a therapeutic target for patients presenting with poorly differentiated HCC, thus indicating the potential application of a PD-1 inhibitor for the treatment of HCC patients.
Introduction
Programmed cell death-1 (PD-1/PDCD1), also known as CD279, is a 288-amino acid cell surface protein that belongs to the immunoglobulin superfamily. PD-1 is expressed by immune cells, including T cells, B cells and macrophages (1) . High-level expression of the PD-1 ligand (CD274 or B7-H1) in tumor cells has been found to be associated with increased tumor aggressiveness and poor prognosis (2, 3) . When PD-1 binds its ligand, immune cell activation and effector function are attenuated (4, 5) . The PD-1/programmed death-ligand 1 (PD-L1) pathway is associated with cancer immune-evasion, autoimmunity, and Listeria monocytogenes infection (6) . Previous studies have implicated PD-L1 interactions in immune-attenuation at peripheral sites outside lymphatic organs (7, 8) . As antibodies are natural antagonists, inhibition of the PD-1/PD-L1 signaling pathway with antibodies may improve host tumor clearance and restore the immune function of lymphocytes. This presents a novel direction for antitumor immunotherapy.
A number of monoclonal antibodies (mAbs) targeting the PD-1/PD-L1 checkpoint are undergoing clinical trials, and have thus far exhibited encouraging therapeutic effects (6, 8, 9) . However, the low response rate in a small number of cancer patients limits their utilization (10) (11) (12) (13) . In addition, adverse events have frequently been observed during antibody treatment, such as antibody-dependent cellmediated cytotoxicity (14) (15) (16) , which reduces the effectiveness of the therapy and restricts clinical application. Therefore, it is important to develop mAbs with reduced toxicity for the immunotherapeutic treatment of patients with cancer, and to determine how to maximize their efficacy. PD-1/PD-L1-targeting therapy has been used in recent years for the treatment of a variety of solid tumors, including nonsmall cell lung cancer (17, 18) , malignant melanoma (19, 20) , urothelial carcinoma (21, 22) , triple-negative breast cancer (23) , lymphoma (24) and head and neck cancer (25) . However, the application of PD-1/PD-L1 checkpoint inhibitors in hepatocellular carcinoma (HCC) is not well reported. In addition, studies have demonstrated that abnormal PD-L1 expression in tumor tissues is significantly associated with the degree of tumor malignancy, poor prognosis and low survival rates (26) (27) (28) (29) (30) . However, the clinical significance of PD-1 expression in HCC tissues is not well understood, and it remains to be determined whether PD-1 may be used as a biomarker for the immunotherapeutic treatment of HCC. Therefore, in the present study, a novel PD-1 mAb (9E11) with the most sensitive experimental effects in immunohistochemistry (IHC) was selected as the primary antibody to detect the expression of PD-1 in HCC tissues by IHC. In addition, the correlation between PD-1 expression in HCC tissues and the clinicopathological features of patients was assessed, in order to explore the potency of an anti-PD-1 monoclonal antibody as an immunotherapeutic agent for the treatment of HCC. These results may facilitate the application of anti-PD-1 monoclonal antibody in the immunotherapeutic treatment of patients with HCC.
Materials and methods
Clinical specimens. HCC tissue specimens from 77 cases (64 males and 13 females), collected between January and December 2014 from the Pathology Department of the Daping Hospital Third Military Medical University (Chongqing, China), were fixed in formalin and embedded in paraffin. All patients included in the analysis were diagnosed with HCC following surgery and had received no adjuvant radiotherapy, chemotherapy, biological therapy or other treatments. HCC was staged according to the Union for International Cancer Control/American Joint Committee On Cancer 2010 tumor, node and metastasis (TNM) staging criteria. This project was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of Daping Hospital and Research Institute of Surgery, Third Military Medical University. Written informed consent was obtained from the subjects for the entire research process in this study. All specimens were anonymized and handled according to the aforementioned ethical and legal standards. Preparation of mAbs. The mAbs were prepared by Yes Biotech Laboratories Ltd. A total of 4 BALB/c mice were used for this project. The mice were divided into two equal groups, and were immunized using the same procedure. The first immunization was performed subcutaneously at multiple sites on the back of each mouse with 200 µl emulsion consisting of phosphate-buffered saline (PBS) containing 25 µg recombinant PD-1 protein (cat. no. PD1-H5221; ACROBiosystems) and 100 µl complete Freund's adjuvant solution. The immunization was boosted twice intraperitoneally (IP) with an emulsion containing 25 µg PD-1 protein and 100 µl incomplete Freund's adjuvant at 3-week intervals. At 10 days following the second booster injection, 4 µl blood was collected from the tip of the mouse tail. The antibody titers in the serum were assessed by indirect ELISA method using the recombinant PD-1 (immunogen)-coated ELISA plates (developed in-house by Yes Biotech Laboratories Ltd.). The negative control in the indirect ELISA was PBS, which was the diluent for the mouse serum samples. The blank control was substrate reading. A final booster injection was performed with 25 µg PD-1 protein in 50 µl PBS (IP). At 4 days following the final booster injection, the mice with the desired antibody titer (>10 6 ) were sacrificed by cervical dislocation by a trained animal technician. The spleen was removed and spleen cells were isolated. A total of 10 8 cells were obtained from each spleen of the immunized mice. The spleen cells were mixed with the Sp2/0-Ag14 myeloma cells, which were pre-selected with 8-azaguanine (cat. no. A5284; Sigma-Aldrich; Merck KGaA) for fusion in a sterile centrifuge tube in the presence of 50% PEG 1500 (cat. no. 783641; Roche Applied Science), as previously described (31, 32) . At 24 h following fusion, the hybridomas were selected by adding 100 µl of complete medium supplemented with 1% hypoxanthine-aminopterin-thymidine (cat. no. 31062-011; Gibco; Thermo Fisher Scientific, Inc.) to each well. At 8 days following fusion, the supernatants were tested for PD-1 antibody by indirect ELISA method using the recombinant PD-1 (immunogen)-coated plates. Cells whose supernatants exhibiting strong reactivity with immunogen in the indirect ELISA were subcloned by a limiting dilution procedure in complete medium supplemented with 1% hypoxanthine-thymidine (cat. no. 11067-030; Gibco; Thermo Fisher Scientific, Inc.).
Isotyping and antibody purification. The mAb isotypes secreted by the hybridomas were determined using the Mouse Typer Sub-Isotyping kit (cat. no. 1722051; Bio-Rad Laboratories, Inc.) according to the manufacturer's instructions. This ELISA-based kit uses a panel of ultrapure reagents to determine the mouse sub-isotypes IgG1, IgG2a, IgG2b, IgG3, IgM, IgA, κ and λ chains. In the experiment, PD-1 was coated onto an ELISA microplate, and then each specific anti-PD-1 monoclonal antibody was added to the respective columns. The isotype antibodies were added to respective horizontal rows. Immunoglobulin isotypes were then determined using goat anti-rabbit (H+L) HRP conjugate (dilution, 1:2,000; cat. no. 172-1019; Bio-Rad Laboratories, Inc.) and 3,3',5,5'-tetramethylbenzidine substrate (cat. no. 00-4201-56; Thermo Fisher Scientific, Inc.). Subsequently, the mAbs were purified using GammaBind Plus sepharose resin (cat. no. 17088602; GE Healthcare Life Sciences, Little Chalfont, UK).
Measurement of mAb specificity by western blot analysis.
A 15% PAGE gel was prepared and SDS-PAGE was performed as described previously (33) using recombinant PD-1 protein (cat. no. PD1-H5221; ACROBiosystems) following denaturation for 10 min at 100˚C. The PD-1 protein was loaded at 40 ng/lane. Following electrophoresis, the protein was transferred to polyvinylidene difluoride membranes (Merck KGaA) at 150 mA for 2 h in transfer buffer at 4˚C. The membranes were washed five times with PBS containing 0.05% Tween -20 (PBST), and blocked with 3% gelatin in PBS at room temperature for 2 h. The membranes were subsequently cut into strips along the lane dividers. Each of the 14 prepared PD-1 antibodies were quantified with a spectrophotometer by measuring the absorbance of the antibody samples at 280 nm. The antibodies were then diluted to 1 µg/ml in PBST, and incubated with individual strips at room temperature for 2 h. Following five washes with PBST, the strips were incubated with HRP-conjugated goat anti-mouse IgG (Yes Biotech Laboratories Ltd.) diluted to 1:1,000 in PBST with 1% bovine serum albumin (cat. no. 81-003-07; Merck KGaA) for 1 h at room temperature. The strips were then washed five times with PBST. The 40-kD PD-1 bands were visualized by incubating the membranes with 4-chloro-1-naphthol substrate (cat. no. C8890; Sigma-Aldrich; Merck KGaA).
Measurement of mAb specificity for PD-1 in HCC specimens
by IHC staining. The paraffin-embedded tissues specimens collected from HCC patients were prepared and stored by the Pathology Department of the Daping Hospital Third Military Medical University. The 3-µm-thick tissue sections were dewaxed in xylene, rehydrated in alcohol and immersed in 3% hydrogen peroxide for 10 min at room temperature to suppress endogenous peroxidase activity. Antigen retrieval was performed by heating each section for 30 min in 0.01 mol/l sodium citrate buffer (pH 6.0) at 100˚C. Sections were then washed three times in PBS (each for 5 min). After blocking any nonspecific binding with ready-to-use normal goat serum for 30 min at 37˚C, the sections were incubated in a humidified chamber overnight at 4˚C with each of the 14 prepared PD-1 mAbs (diluted, 1:400). The commercial anti-PD-1 mAb (dilution, 1:400; cat. no. UMAB199) was used as the positive control, while PBS was used as the negative control. The sections were then incubated with HRP-conjugated goat anti-mouse IgG (diluted, 1:500; cat. no. ZB-2305; OriGene Technologies, Inc.) for 30 min at room temperature. Following three additional washes, peroxidase activity was developed with DAB for 5 min at room temperature. The sections were counterstained with 0.2% hematoxylin for 1 min at room temperature. The optical density of the sections was quantitatively analyzed using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Assessing the correlation between PD-1 expression and clinical significance in HCC.
The paraffin-embedded HCC tissues were stained with 0.2% hematoxylin for 5 min and counterstained with 0.5% eosin for 1 min at room temperature to identify the cancer tissues and the adjacent normal regions. According to the results of the mAb analyses, the highest-specificity PD-1 mAb (9E11) was selected to detect the expression of PD-1 in HCC tissues, in order to assess the correlation between the expression of PD-1 in the tumor tissues and the clinicopathological features of patients, and to evaluate the feasibility of utilizing an anti-PD-1 mAb in the treatment of HCC. The IHC methods used were the same as those described above.
Two experienced pathologists evaluated tissue staining intensity and positive cell percentage scoring in a double-blind manner (34, 35) . A total of five T lymphocyte infiltrationdense regions were selected for counting the number of PD-1 + T lymphocytes in each tissue section. The expression levels of PD-1 were defined by a 'quickscore', which was calculated according to the methods described previously (34, 35) . Briefly, the proportion of positively stained cells throughout the section was termed category A, and was assigned a score ranging from 0 to 3 (0, 0-4%; 1, 5-24%; 2, 25-49%; 3, 50-100%). The entire section was scanned at low microscopic power in order to gauge the levels of staining intensity. The average intensity defined as negative (colorless), weak (pale yellow), intermediate (pale brown), or strong staining (dark brown) was assigned a score ranging from 0 to 3, and termed category B. The product (A + B) was recorded as the total score. Total scores <3 were considered to indicate negative PD-1 expression, while total scores ≥3 were considered to indicate positive PD-1 expression.
In addition to the aforementioned methods, the number of positive cells per field of view was evaluated under a high-powered microscope by two experienced pathologists as described previously (36) . A total of five T lymphocyte infiltration-dense regions (at x200 magnification) were selected for counting the number of PD-1 positive cells in each tissue section. PD-1 expression levels in HCC tissues were determined by calculating the number of PD-1 + T lymphocytes per field of view.
Statistical analysis. IBM SPSS Statistics software (version 23.0; IBM Corp., Armonk, NY, USA) was used for statistical analysis. The results were expressed as the mean ± standard deviation. Differences among multiple groups were compared by one-way analysis of variance followed by the Games-Howell post hoc test. The χ 2 and Fisher's exact test were used for the comparison of categorical variables. The Mann-Whitney U test was applied for the comparison of ranked data. The evaluation of multiple factors was performed by stepwise binary logistic regression. P<0.05 was considered to indicate statistically significant difference.
Results
Immunized BALB/c mice meet the requirements of cell fusion experiments. The recombinant human PD-1/PDCD1 protein was used as an antigen to immunize BALB/c mice. Blood was collected from the mice tail tips at 10 days following the final booster injection, and the antibody titers in the serum were assessed by indirect ELISA. As shown in Table I , serum antibody titers reached 1:10 7 , and the desired immunization effect was therefore achieved for subsequent cell fusion experiments.
Successful production of 14 specific PD-1 mAbs. Splenocytes from the immunized BALB/c mice were fused with the mouse myeloma cell line Sp2/0-Ag14. PD-1 mAbs were generated and assigned the following names: 1C4, 1H8, 2C4, 2H7, 3E5, 5B2, 5H7, 7C9, 7E5, 7G12, 9A5, 9B4, 9E11 and B1C4. Following repeated serial culture in vitro, cryopreservation and revival, the hybridomas maintained a normal morphology and continuously secreted PD-1 mAbs (data not shown).
Identification of the mAb isotypes.
The isotypes of the 14 mAbs were determined using a Mouse Typer Sub-Isotyping kit. As shown in Table II , the heavy chains of 13 mAbs were IgG1, while clone 9A5 was observed to be IgG2a. All 14 mAbs were observed to contain κ light chains.
Specificity of PD-1 mAbs for antigen recognition as determined
by western blot analysis. The 14 mAbs were used as primary antibodies in western blot analysis to detect PD-1 protein. The molecular weight of recombinant human PD-1/PDCD1 protein is 40 kDa. As shown in Fig. 1 , the 2C4, 5B2, 5H7, 7E5, 7G12, 9A5, 9B4, 9E11 and B1C4 mAbs demonstrated a high specificity for PD-1, indicating that these antibodies may be used as detection antibodies in western blotting. By contrast, a weak reaction was observed for 1C4 and 2H7 mAbs, and no reaction was observed for the 7C9, 1H8 and 3E5 mAbs. This indicates that these five mAbs are unsuitable for the detection of PD-1 by western blot analysis. However, it remains unclear whether they would be useful for the additional immunostaining experiments, such as IHC analysis.
PD-1 mAb 9E11 exhibited the strongest specificity for antigen recognition in HCC tissues by IHC analysis. The 14 mouse anti-human PD-1 mAbs were used for IHC analysis of HCC tissues as primary antibodies. As shown in Fig. 2 , the 9E11 and 2H7 mAbs exhibited strong positive staining, particularly ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- the 9E11 clone, which was similar to the commercial antibody UMAB199 in detecting PD-1 expression (Fig. 2B) . Using the 9E11 mAb, the staining was dark, the background of tissues was clear and there was non-specific staining. By contrast, the B1C4 mAb exhibited lighter staining when compared with the UMAB199 positive control. The remaining 11 mAbs exhibited more non-specific staining, as demonstrated by the staining pattern observed when the 7E5 mAb was used (Fig. 2) ; the antibody bound to additional non-specific proteins on tumor cell membranes. The results indicated that these mAbs demonstrate poor specificity for PD-1 in HCC tissues. Therefore, the 9E11 mAb, which exhibited the strongest specificity for PD-1, was used to investigate the clinical significance of PD-1 expression in HCC tissues for subsequent experiments.
PD-1 is highly expressed in the peritumoral tissues at the junction of tumors.
A total of 77 HCC tumor specimens were examined by IHC. The distribution of PD-1 expression in the HCC tissue samples is presented in Figs. 3 and 4 . The images in Fig. 3 display HE and IHC staining results where the same HCC tissue sections were stained in tandem. The tumor tissues (black arrows) and peritumoral tissues (red arrows) were clearly distinguished by comparing the HE and IHC images of the same HCC tissue section. A large number of T lymphocytes were identified in the peritumoral tissues at the tumor-normal adjacent tissue junction. The distribution of PD-1 + T lymphocytes at different HCC tissue locations, as detected by IHC, is presented in Fig. 4 . An accumulation of a small number of PD-1 + T lymphocytes was observed in the nodular margin of the HCC tissue (Fig. 4A) . A large number of T lymphocytes were present in the peritumoral tissues at tumor-normal adjacent tissue junction (Fig. 4B and C) and primarily in the liver portal region (Fig. 4B) . In addition, due to the low degree of T lymphocyte infiltration in the tumor interior, fewer PD-1 + T lymphocytes were observed in this region (Fig. 4D) . Therefore, peritumoral tissues at the tumornormal adjacent tissue junction were selected to analyze the correlation between PD-1 expression in HCC and the clinical and pathological characteristics of patients.
PD-1 expression level in HCC tissues is closely associated with tumor size and the degree of differentiation.
Under a double-blind setting, the results of IHC analysis for the 77 HCC cases (Table III) were evaluated by two pathologists according to the staining intensity of PD-1 combined with the ratio of PD-1-positive cells. Using these results, the correlation between PD-1 expression in the HCC tissues and the clinical and pathological characteristics of patients were statistically evaluated. As demonstrated in Table IV , PD-1 expression in HCC tissues was significantly associated with tumor size, venous thrombosis and the degree of tumor differentiation. The rate of positive PD-1 expression in HCC cases with a tumor size ≤5 cm was higher than that in tumors >5 cm in size (P<0.01). The proportion of HCC tissue samples derived from patients with venous thrombosis that were positive for PD-1 expression was higher than in the proportion of patients positive for PD-1 expression without venous thrombosis (P<0.05). In addition, the positive rate of PD-1 in poorly differentiated (highly malignant) HCC was significantly higher than in moderately and highly differentiated HCC (P<0.01). The expression of PD-1 in HCC tissues was not correlated with patient sex, median age, hepatic cirrhosis, hepatitis B infection, TNM stage or tumor location (Table IV) .
The number of PD-1 positive cells in multiple fields of view (x200 magnification) for each tissue section was then determined (Fig. 5) . The number of PD-1 + T lymphocytes was closely correlated with tumor size and differentiation (P<0.01; 5A and B) . PD-1 expression was significantly increased in tumors ≤5 cm in size or in poorly differentiated tumors, which is consistent with the aforementioned IHC results. By contrast, no correlation between the number of PD-1 + T lymphocytes in HCC tissues and the presence of venous thrombosis was observed (Fig. 5C) .
The results indicate that PD-1 expression in HCC tissues may be closely correlated with tumor size and the degree of differentiation and moderately correlated with venous thrombosis. However, PD-1 expression does not appear to be correlated with additional clinical characteristics, including patient sex, age, cirrhosis, hepatitis B infection, TNM stage or tumor location. Table IV . Association between PD-1 expression in hepatocellular carcinoma tissues and the clinicopathological characteristics of patients based on the staining intensity combined with the ratio of PD-1 + lymphocytes. PD-1, programmed cell death-1; TNM, tumor, node and metastasis.
Discussion
Tumor cells are able to escape clearance by the host immune system through a variety of mechanisms; one of which is the PD-1/PD-L1 immune checkpoint that serves a crucial role in this process (37) . Tumor cells recognize PD-1 proteins, which are expressed on effector T cells, by overexpressing PD-L1. Activation of the PD-1/PD-L1 immune checkpoint subsequently communicates immunosuppressive signals to T cells, leading to evasion of tumor cell clearance by the host immune system (6) (7) (8) . Therefore, inhibition of the PD-1/PD-L1 immune checkpoint has been widely investigated as a promising strategy for antitumor immunotherapy, in an attempt to reverse the immunological tolerance of tumor cells in the host. Inhibitory antibodies targeting the PD-1/PD-L1 immune checkpoint have demonstrated substantial clinical effects in patients with metastatic melanoma, renal cell carcinoma, non-small cell lung cancer and a number of additional tumors (6, 8, 9) . However, reports concerning the curative effects of these antibodies in patients with HCC are limited. It has been generally recognized that HCC is a life-threatening malignancy with high mortality rates and now ranks as the second cause of cancer-associated death worldwide. This is particularly the case in China, where the number of HCC cases accounts for 42.5% of the total number of global cases (38) . This indicates the broad potential application of PD-1/PD-L1 immune checkpoint inhibitors in HCC immunotherapy (17) (18) (19) (20) . Therefore, the development of novel anti-PD-1 mAbs may be of great significance for the immunotherapeutic treatment and diagnosis of HCC.
In the present study, the 9E11 mAb clone, which demonstrated the highest specificity for PD-1 in HCC tissues, was used to investigate PD-1 expression in HCC tissues by IHC. In HCC tissues, PD-1 + T lymphocytes were primarily located in the peritumoral tissues at the tumor-normal adjacent tissue junction, while relatively few PD-1 + T lymphocytes were identified in the tumor interior. In addition, although the number of infiltrating T lymphocytes in the tumor interior was small, the proportion of PD-1 + T lymphocytes out of the total number of infiltrating T lymphocytes was large and not significantly different from that in the peritumoral tissues. The characteristics of PD-1 expression and distribution in the HCC tissues were similar to those reported in the literature (39-41). Shen et al (42) reported that the proportion of PD-1 + CD3 + T lymphocytes in HCC tumors was significantly higher when compared with adjacent tissues. An additional previous study demonstrated that the expression level of PD-1 on CD8 + tumor infiltrating lymphocytes was significantly higher when compared with non-tumor infiltrating lymphocytes (43) . In the present study, two methods were employed to evaluate and analyze the results of IHC analysis. In a previous report, Chang et al (44) demonstrated that high PD-1 expression was significantly correlated with several adverse clinicopathologic features including high TNM stage, presence of vascular tumor emboli, and high pre-operative serum α-fetoprotein levels, but not correlated with tumor size. The results of the present study demonstrated that the expression of PD-1 in HCC tissues was significantly correlated with tumor size and the degree of differentiation, moderately correlated with venous thrombosis, and not correlated with clinical characteristics, including sex, age, cirrhosis, hepatitis B infection, TNM stage or tumor location. Hepatitis B and C viruses are major causes of HCC, although the underlying pathophysiological mechanisms are unclear (45) . Notably, a previous study reported that the PD-1/PD-L1 signaling pathway is associated with cytotoxic CD8 + T-cell responses in virus-infected hosts, with reduced PD-1 expression observed following treatment-induced suppression of HBV replication in vivo (46) . By contrast, the present study did not observe an association between PD-1 expression and hepatitis B viral infection. These inconsistent results may be due to the use of different sample sources, as well as differences between epitopes and the structures of the antibodies used.
There were several limitations of the present study. Morphologically, HCC is highly heterogeneous, and therefore, small tumor tissue samples are unlikely to represent an entire tumor. Further research involving a large number of randomized samples may enable researchers to investigate the practical application of using PD-1 mAbs in the diagnosis and treatment of HCC. In addition, the present study was unable to analyze the correlation between PD-1 expression and patient prognosis, due to the short follow up period. Furthermore, in addition to the biological characteristics of tumors, a number of additional factors are known to affect patient prognosis, such as liver function (47, 48) . At present, the association between PD-1 expression and the prognosis of HCC remains unclear; however, a number of studies have demonstrated no significant correlation between PD-1 expression and the postoperative survival rate of patients (48, 49) . By contrast, Hersey et al (50) reported that the expression level of PD-1 on CD8 + T lymphocytes in the peripheral blood of patients with primary HCC was significantly higher than that observed in the healthy subjects, chronic hepatitis B patients and cirrhosis patients, suggesting that the expression of PD-1 on CD8 + T lymphocytes was associated with primary liver cancer progression. In a study involving 65 patients with HCC, Gabrielson et al (51) demonstrated that the relapse rate of patients with tumor tissues containing a high density of CD3 + T and CD8 + T cells was lower (P=0.007) and exhibited longer recurrence-free survival rates (P=0.002) when compared with the group with a low number of infiltrating CD3 + T and CD8 + T cells. The present study did not assess the correlation between PD-1 expression and patient prognosis. However, the authors will monitor the outcomes of HCC patients recruited to the current study, and combine these observations with PD-1 expression in HCC tissues in order to examine the association between PD-1 expression and prognosis in a future study.
Previous studies have demonstrated that the proliferation and antitumor activities of T lymphocytes are inhibited when they express PD-1 (52), indicating that tumor-infiltrating T lymphocytes will undergo the whole process of cell activation and activity suppression until cell apoptosis (53) . Therefore, PD-1 expression levels in tumor tissues may switch from low to high, and then decline according to alterations in T lymphocyte activity. This may explain why PD-1 is present in poorly differentiated tumors, as well as in well-differentiated tumors (52, 53) . Nevertheless, the present study demonstrated that PD-1 expression was significantly associated with the degree of tumor differentiation.
In conclusion, this study investigated PD-1 expression in HCC tissues using a novel anti-PD-1 mAb (9E11) as an alternative to commercially available antibodies (44, 54) . The results indicated that high-level PD-1 expression may be an important factor associated with the immune checkpoint pathway in liver cancer, and that it may be a potential predictor of therapeutic response in a clinical setting. This will enable evaluation of the applicability of using a PD-1 inhibitor for the treatment of patients with HCC. Notably, the results indicated that patients with poorly differentiated tumors might benefit from anti-PD-1 mAb-based immunotherapy. Further research, with a large number of randomized samples to validate practical application is required. In order to identify a functional monoclonal antibody that inhibits HCC growth, future studies will continue to investigate the inhibitory effect of the prepared PD-1 mAbs on tumor cells and explore their antitumor mechanisms.
